Abstract-This paper studies the potential of ultra-wideband (UWB) microwave imaging for detection and localization of breast cancer in its early stages. A method is proposed for locating tumors which is based on the time-of-flight of the signal backscattered at the tumor. Timeof-flight is detected using a wavelet transform algorithm. The main contribution of this paper is that it proposes to determine the position of the tumor by using an adapted version of the centroid localization method used in wireless sensor nodes. Its main advantage is that it does not require knowing a priori neither the propagation velocity of the breast nor its dielectric permittivity. The feasibility of the method has been investigated by means of simulated and experimental results with an ultra-wideband radar and a phantom.
INTRODUCTION
In recent years, microwave breast tumor detection is growing as a promising technique [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , since it is a non-invasive technique that uses non-ionizing radiation. It is considered a potential alternative or complement to X-rays [1, 2] , which is the basic technique used in breast cancer detection today. Measured data available at the literature shows an important contrast in the dielectric properties between malign and normal breast tissues [1] , and this is the basis for microwave breast imaging.
Current research focuses on two categories, microwave tomography [6] [7] [8] and ultra-wideband (UWB) radar-based approach [1] [2] [3] [4] [5] . In the latter, several techniques have recently been developed -Concepts and circuits based on UWB pulses, especially for communication systems [11] , which have also proved interesting for tomography applications. In consequence a number of imaging methods for UWB microwave imaging of breast tumors are already available [1] [2] [3] [4] [5] . Most of them are based on focusing techniques such as delay-and-sum [1] . In these techniques an image of the backscattered signal is obtained by time-shifting the received signals in order to align the returns from a focal point and then the waveforms for all the antennas are added. The process is repeated scanning the breast. Alternative techniques are based on a high-resolution UWB radar that uses sub-nanosecond pulses to illuminate the scene [9, 10, 12, 13] . If there is an object in the illumination area, a part of the transmitted pulse will be reflected and detected by the receiver. In these techniques the objective is the localization of the tumor position assuming that it causes the strongest backscatter.
In recent years, several localization systems using UWB technology have been implemented [14] . In these systems, ranges are determined between the object and the known points by measuring the time-of-flight (or time-of-arrival, ToA) of a UWB signal between a transmitter and a receiver (located at known positions). The ranges are obtained by multiplying the measured time-of-flight by the speed of light. Unfortunately, in the case of breast cancer detection using UWB, the reflected pulses are contaminated by noise and undesired reflections at other objects which increase the clutter level. The classic approach to estimate ToA consists in the correlation-based ToA estimation or matched-filter [15] . In this approach the estimation of ToA is obtained from the time shift of a template signal that produces the maximum correlation with the received signal. A matched-filter time reversal approach has been proposed in [9] for breast cancer detection, where only FDTM simulated results were presented. It is known that the matched filter is the optimum detector if the shape of the pulse is known. However, in breast cancer detection, the transmitted waveform cannot be used as template because the backscattered pulse at the tumor is propagated through the breast, with different permittivity than air. In consequence, the reflected pulses are distorted due to the change in medium velocity and its propagation in a dispersive medium. This problem can be mitigated by using a coupling medium [16] (for instance, fat) to avoid reflections in the skin and then pulses propagate in a homogeneous-like medium. However, the problem here is that the UWB antennas must be designed to operate immersed in this lossy coupling material. Moreover, the dielectric constant of fat has a great variability among women [1, 17] . In practice, it is not easy to choose a template signal to apply the matched-filter or correlation technique.
In order to solve this drawback, the authors proposed in [10] a technique to estimate the ToA based on a wavelet decomposition of the backscattered signals. When the transmitted pulse hits the breast surface, a portion is backscattered towards the receiver and a portion propagates inside the breast and hits in reflecting objects such as a region of tumor tissue. These reflected pulses can be separated due to the high resolution of UWB radars but, unfortunately, their shape is not available in real UWB systems since, as stated, there are several potential sources of pulse distortion during propagation. Thus, the matched-filter technique cannot be directly applied. Therefore, the received pulse, as a first approximation, is a scaled and time-shifted version of the transmitted pulse. In order to overcome this drawback, [10] proposes to use the Continuous Wavelet Transform (CWT) as a multiscale matched filter [18] [19] [20] [21] . The Continuous Wavelet Transform (CWT) can handle different stretched pulses, but the basic shape of the sought impulse still has to be known a priori. However, this drawback can be eliminated by using a complex extension to the signal, as well as to the wavelet, as presented in [14] . In fact, the CWT performs a correlation between the received signal and a family of scaled and time-shifted wavelets [18] . In consequence, maximum output can be expected when the input signal most resembles the wavelet template. After identifying the reflections at the tumor for several antenna positions, its position can be located [9, 12, 13] .
However, in contrast with [9, 12, 13] , where only numerical results were presented and it was assumed that the breast-skin interface was perfectly matched, [10] considers air-coupled antennas (a more realistic case) and experimentally validates that technique. There, a localization technique based on least squares minimization of error between the distance of each antenna and the measured distance obtained from the pulse time-of-flight is implemented. However, in this localization method, as it is common in microwave imaging and in the time reversal method, the average fat velocity or its dielectric constant is needed. As stated before, this can be a serious drawback in clinical cases due to the great variability among women. It has been demonstrated in [10] that the minimum RMS error using the least squares is produced for values close to the real permittivity. Then, the breast permittivity is obtained from a sweep of the permittivity until a minimum in the RMS error has been found. However, this is a time-consuming technique. In this paper, a new approach is proposed. Its main advantage is that the average velocity or permittivity of the breast is not needed. The approach is inspired in a known localization method used in wireless sensor networks [22, 23] , known as centroid localization method. Here, a novel weighted version of that method is proposed and applied to breast cancer detection. As in method proposed in [10] , there is not need any estimation of breast surface [24] .
The paper is organized as follows. Section 2 describes the experimental setup developed to validate the proposed technique using a phantom. The basis of the measurement of ToA using the Continuous Wavelet Transform is also briefly described in this section. In Section 3, the weighted localization algorithm is presented. In Section 3, the performance of this localization algorithm is investigated by means of simulations. A study on the uncertainty in the measurement of ToA is presented and it is compared to the least squares method. In Section 4, the experimental results using an UWB radar are described. Finally, conclusions are drawn in Section 5.
EXPERIMENTAL SETUP AND PULSE DETECTION
The 2D experimental set-up is the same than in [10] and it is presented in Fig. 1 . It is based on an UWB pulsed radar and a phantom to simulate the scene. The GZ1120ME-50EV pulse generator from Geozondas is used to generate a Gaussian monocycle pulse of 5 GHz central frequency and amplitude of ±5 V. Details on the pulse waveform are given in [25] . The pulse generator is connected to a UWB transmitter antenna (3.1-10.6 GHz frequency range). A metallic rod that emulates the tumor, immersed in an oil-filled cylindrical glass tank is used as a phantom [26, 27] . The skin is simulated using the cylindrical surface of the tank and the antennas are air coupled. Several reflections from surrounding objects are collected by the receiver antenna due to its low directivity. Measurements are performed with the transmitter and receiver antennas at a fixed position and rotating the phantom at several positions. The reflected pulses are detected by using the GZ6E sampler converter from Geozondas, which triggers the pulse generator.
The time of flight associated to reflected pulses are obtained following the procedure described in [10] . The transmitted pulse propagates by air to the breast. The pulse is also coupled between the transmitter and receiver antennas; this is partially eliminated by using an appropriate time-gating window. Later, the receiver picks up the pulses that have been reflected in the skin. Finally, the receiver measures the pulses reflected at the malignant tissue (due to its high reflectivity) and at other elements around the tumor that will be considered as clutter. The time-of-flight associated to the pulse reflected at the tumor can be calculated considering a monostatic scenario (since the two antennas are close to one another and the angle between transmitter and receiver antennas is about 11 degrees):
where v = c/(ε r ) 1/2 is the wave velocity in the breast, c is the vacuum light velocity, τ 0i is the propagation time between the antenna and the skin surface. In (1), (x, y, z) are the tumor coordinates and (x i , y i , z i ) are the antenna coordinates. The delay τ 0 models a systematic delay due to the cables between the transmitter and receiver and the antennas. The determination of the tumor position requires a number of measurements for each antenna position (i) in order to obtain an undetermined system of equations with more equations than unknowns (1) . In order to remove systematic clutter signals and the reflected pulses from the skin, a retrieval algorithm based on the Wiener filter described in [5] is applied. The delays, τ 0i and τ i , are calculated by using the appropriate time window and detecting the peak of the magnitude of the CWT [5] . Then, the position can be graphically obtained intercepting the circles defined by (1) . Alternatively, the unknown tumor position can also be obtained treating the time-of-flight system of equations as a least squares optimization problem [10] . The non-linear model is fitted for multiple pseudoranges obtained from the positions of the known antenna points. The pseudoranges are calculated from (1):
Since in practice the propagation velocity through fat suffers great variability among persons, its permittivity (ε r ) must be considered as an unknown. A solution for this problem has been proposed in [10] using the fact that the mean error between modeled and measured range positions presents a minimum for the correct propagation velocity. Thus, an estimation of propagation velocity in fat (or permittivity) can be obtained by sweeping its value until a minimum in the error function is found. However, it is known that in iterative optimization methods the result can depend on the initial value, especially where measurement errors are present. In order to overcome these drawbacks, a new localization method for microwave breast cancer detection is proposed and described in next section.
WEIGTHED CENTROID LOCALISATION TECHNIQUE
In contrast to hyperbolic localization methods based on least squares optimisation method used in [10] , another group of positioning algorithms has been proposed in wireless sensor networks (WSN), which are known as approximated algorithms [22, 23] . These algorithms avoid knowing the distance in their approach. One of the most popular localisation algorithms in WSN is the centroid method [22] . This algorithm has been applied in indoor environments where high multipath propagation effects are present with good performances. An adapted version for tumor localisation of the weighted centroid localization method [23] is described next.
After obtaining the time-of-arrival from the tumor reflections for all the antenna positions, the approximate position of the tumor (x, y) (assuming a 2D case due to cylindrical symmetry of the experimental setup) is estimated by a weighted centroid determination of all N positions of the antenna locations with coordinates (x i , y i ):
where w i is the weight between the unknown tumor position (x, y) and the antenna i with coordinates (x i , y i ). The selection of weights is a key point in this method. The most logical choice is to set them equal to the inverse of time-of-flight within the breast:
where a (≥ 1) is an exponential smoothing factor. Then, small distances or delays due to neighbouring antennas lead to a higher weight than remote antennas with higher distances and delays (more noisy). Note that this weight choice has several advantages. First, as commented above, it does not require knowing the propagation velocity through the breast. Second, the solution does not depend on the initial value as in the optimization methods. Third, since the attenuation that suffers the signal depends on the distance, signals with longer delays experiment higher attenuations, thus their delay estimation is more difficult and the level of these signals can be masked by the clutter. Using the proposed weights (4), the contribution of these signals to (3) is smaller than the contribution of the terms from the other antennas with stronger signal and shorter delay. To this end, the smoothing factor is empirically chosen equal to 2 (a = 2). For a = 2, the weights are proportional to the received pulse amplitudes if medium losses are ignored. Finally, the estimation of position using (3) has smaller computational complexity (i.e., matrix inversions are not required) than the least squares method. In order to validate the proposed method a simulation to investigate the localization error is presented.
Assuming a homogeneous case (for instance using a matching coupling medium) and ideal antennas located close to the skin (see Fig. 2 ) with coordinate positions:
where R a is the antenna radius and φ i is the antenna angle, the delay between the tumor and the antenna can be obtained from the following expression:
where R t is the radius of the tumor and φ t its angle. Note that the most simple case is when the antennas are on the skin and τ 0i = 0. Note also that the permittivity value is irrelevant in (3) since it appears in both the numerator and denominator and it is simplified. In the next figures a comparison between the proposed weighted centroid and the least squares methods is done. Fig. 3(b) shows the localization error using the least squares optimization method proposed in [10] . As it is shown in the Complementary Distribution Function in Fig. 4 , the centroid method performs better than the least squares. This is because in the latter, the error increases when the tumor is near the skin. In these tumor locations the range to the nearest antenna is very small compared to the other antennas and, in consequence, the system matrix may be bad conditioned since some terms are inversely proportional to the ranges. This is a known drawback of gradient-based optimization methods. Moreover, in this simulation it is assumed that the propagation velocity is known. In practice, the uncertainty in the velocity will increase the localization error when the least squares method is used.
In the experimental setup (see Fig. 1 ), a phantom with an antenna synthetic array generated by rotating the sample is used. However, in clinical cases, a switched antenna array should be used. Then the number of antennas is limited. In order to investigate the influence of the number of antennas, Fig. 5 compares the mean localization error as a function of the number of antennas for the two localization methods. It can be concluded that the error in both methods is stabilized when 8 or more antennas are used.
Although the pulse delay detection based on CWT has great robustness in front of measurements errors, a small uncertainty in the time-of-flight can be expected. Fig. 6 shows the mean error in the localization of a tumor in the same scene as in Fig. 3 , but adding a random variable to model the uncertainty in the range (or delay) determination. Again this figure shows that the centroid method is more robust to measurements errors. 
EXPERIMENTAL RESULTS
Experimental results obtained with the setup introduced in Section 2 are here presented to validate the proposed methodology. The tumor is emulated with a 0.5-cm diameter rod immersed in an oil-filled 6-cm radius methacrylate cylinder (nominal dielectric permittivities of oil and the methacrylate are 2.5 and 2.65, respectively). Fig. 7(a) shows the raw measured signals for all the antenna positions (0 • to 360 • , stepangle = 2 • ). Fig. 7(b) shows the signals after applying a skin retrieval algorithm based on the Wiener filter. The coupling between antennas and the backscattering signals corresponding to the cylinder surface are easily eliminated using an appropriate time window. From the observation of the time response, it is clear that the tumor information is located between 2.5 and 3.4 ns. Fig. 8(a) plots the ToA associated to the cylinder surface (τ 0i ), and the tumor (τ i ) for each angle. Time peaks of τ 0i and τ i are obtained from the CWT explained in Section 2. Observing the value of τ 0i , it is obvious that the distance between the cylinder surface and the antenna is constant. The pseudo ranges from the ToA are calculated using (2) . Fig. 8(b) shows the distance that travels the wave that hits on the rod as a function of the angle. From the plot of the circles (Fig. 9 ) the tumor position (3 cm < 12.6 • ) can be determined. This position is confirmed applying the least squares optimization algorithm and the centroid algorithm. The difference in the rod position obtained for both methods is under 1 mm.
CONCLUSIONS
In this work, the viability of breast tumor detection using UWB has been investigated. In contrast to microwave breast imaging based on focusing techniques, the technique proposed in this paper is based on the localization of the tumor position using the time-offlight of backscattered UWB pulses. Since pulses are distorted due to propagation through dispersive mediums, diffraction and multipath propagation, a detection technique based on the Continuous Wavelet Transform (CWT) has been used. The robustness of this technique in presence of noise has been proved and a procedure to determine the pseudorange from the time-of-flight has been described. A Wienerfilter skin-breast artifact removal algorithm is used to eliminate the clutter associated with the skin and the response of the antennas. After this calibration procedure, the time-of-flight associated with the tumor reflection is obtained from the peak of the magnitude of the calibrated CWT signal. A new localization method has been proposed based on the weighted centroid localization technique. The robustness of this method has been demonstrated by comparison to the least squares optimization method. The centroid method is computationally more efficient than the optimization method and avoids convergence problems. In addition, its main advantage is that the permittivity or propagation velocity of the breast have not to be known beforehand. Good agreement between the two methods is obtained experimentally.
